Abstract: In this paper, a comprehensive study of controlled laser-induced oxidation marking, which is used as a reliable solution to submillimeter unique identification, is conducted. The experimental statistics indicate that the recognition method for submillimeter unique identification tags is reproducible. The size of tags could be precisely controlled and minimized to 0:5 Â 0:5 mm 2 . Different laser-induced oxidation modules are obtained and divided into 15 groups for different tags. In addition, it is found that module oxidation increases with laser power and decreases with Q frequency, scan speed, and hatch spacing. However, the sensitivity of oxidation to laser parameter differs for different oxidation modules. Even so, the reproducibility and stability of the method are valid by properly limiting deviation of the laser parameters. The aging test reveals that the detected results of the laser-induced oxidation modules are stable in a natural corrosion environment, and applying a transparent coating based on polyester polyurethane on the tags can ensure durability in a severe corrosion environment. The fabricated submillimeter unique identification tags, which can be read reliably by an X-ray fluorescence scanner, show that the proposed marking method is convenient and efficient with high repeatability and controllability.
Introduction
Direct part marking (DPM), combined with data matrix (DM) code technology, is effectively used in product certification, real-time information acquisition, and in tracking production, performance, and maintenance history [1] . Laser marking is a preferred method of performing DPM to attain permanent and highly contrasted superficial inscriptions on a wide variety of materials. The strengths of various direct laser writing techniques and their suitability for industrial use have been amply analyzed and reported by many researchers over the years [2] - [10] . The vast expertise makes it possible to understand the influence of various material properties and processing parameters on the quality, specifically readability, of marks laser-scribed on different materials. Another factor affecting mark quality is mark size. Although not normally considered in most analysis, this factor is becoming increasingly important because of the general technological trend towards miniaturization.
At present, NASA can mark minimum 2 Â 2 mm 2 DM code on aerospace parts. In addition, the DPM research group of Northwestern Polytechnical University carried out a large number of related application research by Wang [11] and Li [12] . In the research, an identifiable DM code with size of 1:5 Â 1:5 mm 2 was realized. As components of all sorts continue to shrink in size, there is an increasing need for a new marking process of ever-smaller unique identification tags. As the size is compressed, it is easy to cause serious edge over-burn, which means marking the edge of modules past its desired size limit and displaying overlapping modules, and it shall make the DM code be unreadable.
Edge over-burn is mainly caused by much large heat affected zone (HAZ) when applying high energy density laser to obtain high contrast modules. Apparently, for the same HAZ, the print growth of small size module is bigger than that of large size module. While the use of a beam compensation factor (BCF) can effectively minimize edge over-burn effects for large DM codes [13] , this strategy loses effectiveness as the tag size becomes comparable to the laser-beam spot size being used. At this point of miniaturization, when the laser marking process produces unacceptable print growth factor values that cannot be minimized further, one can consider scribing the sub-millimeter DM code using raster mode laser marking [4] , [6] , [14] , [15] . However, to-date, most of this work deals with laser marking of relatively large DM codes, where just vector mode scribing is well suited.
Nowadays, as unique identification tags based on X-ray Fluorescence (XRF) the Nanocodes [15] which serves as "secret bar codes," become widely used in commercial anti-counterfeiting efforts. The chemical tags of known composition is sprayed on, built in, or contained in a coating, and is detected by X-ray fluorescence. It could be made small and the chemical compositions could be steadily detected within a small zone in a matter of seconds. Then one can consider the XRF technology as a reliable solution to the identification of tiny parts (Here defined as follows: the area for a plane is smaller than 2 Â 2 mm 2 or the diameter for a cylinder is smaller than 3 mm). In the past, a lot of researches are reported on XRF tags [17] - [20] . However, all the researches are related to coating or embedding XRF materials onto the parts. On the one hand, because of the redundancy in parts, it tends to affect the performance of parts or surface quality. On the other hand, it is difficult to select certain XRF material, to precisely control its composition ratio, and it is also difficult to minimize the size. Therefore, a new identification process applied to tiny parts for batch tracking is becoming increasingly important.
In the present work, a controlled laser-induced oxidation marking process for sub-millimeter unique identification tags based on XRF, whose size is less than 1:5 Â 1:5 mm 2 but greater than 0:5 Â 0:5 mm 2 , is put forward and the influence of marking parameters on oxidation is investigated. Here, the module is just formed by a module marked with vector mode laser, where the module size and chemical composition could be under precise control. Based on laser-induced oxidation, modules with specific but different oxide are obtained by applying different laser parameters. Precisely controlled, the size of modules could be minimized to 0:5 Â 0:5 mm 2 . Some modules are chosen as standard modules for identification. Then the XRF detector are used to read the module, and then the calibrated XRF spectrum for different standard modules are obtained, as shown in Fig. 1 .
Then the detected XRF spectrum for any modules shall be matched with the calibrated XRF spectrum, and the identification results shall be given. Furthermore, the control mechanism and the stability for laser-induced oxidation marking, and the susceptibility of the detected results to the aging process are presented. Contrasted with other evaluation methods such as energy dispersive spectroscopy (EDS) or laser-induced breakdown spectroscopy (LIBS), the XRF method has the following advantages: no required vacuum environment and no damage to the substrate. LIBS, however, always brings damage to the substrate, and EDS needs a vacuum environment. With the laser irradiation, copper, stainless steel etc shall also be oxidized in an atmospheric air; therefore, this method should be applied to other metals (or metal alloys) for identification.
Experimental Details and Procedures

Experimental Setup
An industrial Q-switched Nd3+:YAG single crystal optical fiber laser (YLP-D10 by Hans laser), working at the fundamental wavelength of 1064 nm, was used to mark unique identification tags on the test substrates. This laser is characterized by a rated power of 10 w, beam quality factor M 2 ¼ 1:5, pulse frequency up to 500 kHz, and single pulse energy up to 500 J. The laser beam diameter at focus, indicated by the manufacturer, is 25 m. The laser was PC-controlled by means of a customized software allowing for the generation of the geometric patterns to be marked and the control of the working parameters, i.e., laser beam power, P, pulse frequency (unit: kHz), Q, scanning speed of laser beam, V . The laser pulse width (, unit: s) is automatically adjust in accordance with the pulse frequency: ¼ 1000=2Q.
Samples of materials used for marking were placed on a fixed table. The marking head could be adjusted in the Z -axis and the external distance sensor allowed the displacement of the sample in the Z -axis to be measured with an accuracy of 0.01 mm.
The 3, 4, 5, 6, and 7 mm thick, 40 mm diameter, circular substrates utilized for marking tests are 5A06 (chemical composition: Mg ¼ 5:8 $ 6:8%, Fe ¼ 0:4%, Mn ¼ 0:5 $ 0:8%, Zn ¼ 0:2%, Cu ¼ 0:1%, Al ¼ else) Aluminum alloy [21] , and the determined mean relative amount of element O for substrates under natural oxidation was less than 1.8%. Before marking, the substrates surface was mechanically polished by P1200 abrasive grinding paper and rinsed using acetone, to remove any oil, dust residues, or oxide. Marking tests were performed at ambient temperature in an atmospheric air. To satisfy some detecting test requirements, the unique identification tag, was laser processed in a 0:5 Â 0:5 mm 2 $ 4 Â 4 mm 2 rectangle area. An optical microscope (Axiolab.A1 by Zeiss) was used to inspect the tag. And for an objective evaluation of oxidation changes due to changes in the process parameters, a scanning electron microscope (JSM-6390A by Hitachi) equipped with iXRF Spectrometer was used. It also could be used to assess the microstructure and metallographic phase. The software is used to obtain the XRF spectrum and the specific chemical composition of the marking area. According to certain principles, the XRF spectrum obtained was mapped to a data matrix code, as shown in Fig. 2. 
Preliminary Work
Preliminary work on laser-induced oxidation marking on 5A06 Aluminum alloy showed that the relative amount of element O in the module changed almost from 1% to 44% for different laser parameters, and Al from 91% to 50%. It is also found that the relative amount of element Mg and other element almost kept constant for all laser marking.
In this paper, for tag identification, the oxide evaluation of modules here was defined as Oxide 
In the Oxide
Ã space, the difference between two measured modules can be expressed by the oxidation difference equation
where ÁE Ã abcd (total chemical composition difference) is the Euclidean distance between two points in 4-D oxidation space, and Áa Ã , Áb Ã , Ác Ã , and Ád Ã indicate how much a standard and a sample differ from one another in a Ã , b Ã , c Ã , and d Ã . The idea is that a value of ÁE Ã abcd ¼ 0 corresponds to no oxidation difference.
To determine the reproducibility of this method, the measurement error of the ÁE Ã abcd parameter and Áa Ã parameter, statistical measurements of selected samples were performed. In the preliminary work, by measuring the same sample three times for all the modules, it is found that the average value of ÁE Ã abcd and Áa Ã parameter for each module were respectively determined smaller than 1.8 and 0.5. It is considered as "acceptable" to the XRF detector. Therefore, we concluded that the aforementioned measurement method for unique identification tags recognition is reproducible.
Laser-induced oxidation determines both Oxide space and XRF spectrum of modules, which in turn, set the limit on the smallest, readable tags that can be made. Hence, the dependence of tag characteristics with laser parameters should be further investigated.
Processing Parameters and Experimental Procedure
Preliminary work indicated that the laser-induced oxidation was affected by various processing parameters, such as laser parameters (including laser power, Q frequency, scan speed, hatch spacing), location of the sample relative to the focal plane (we call focal offset) and size of marked module. The range of these parameter values considered in this study is shown in Table 1 . First, without regard to the influence of focal offset and module size on the laser-induced oxidation (i.e., setting the focal offset as 0 mm and module size as 2 Â 2 mm 2 ), the study began with a uniform experiment of the four laser parameters in order to find obtainable oxide. In addition, the influence of laser parameters on oxidation was also determined. Afterwards, how the focal offset, module size and other processing parameters to affect the stability of laserinduced oxidation marking is studied.
Results and Discussion
Obtained Oxidation Module
The study began with a uniform test in order to find obtainable oxidations. In the uniform test, the 5 mm thick tested Aluminum alloy plates contained up to several fields with dimensions of 2 Â 2 mm 2 and a 2 mm interval between successive rows and columns. Each tested field corresponds to a different set of process parameters as shown in Table 1 , where the focal offset was set as 0 mm and module size as 2 Â 2 mm 2 . The chemical composition relative amount of element O changed almost from 1% to 44%. These modules were divided into 15 groups, and the laser parameters corresponding to these groups are shown in Table 2 . Obviously, the tolerance of expect oxidation for each group was 3, which was easily "acceptable" to the XRF detector. As shown in Section 2.2, the average value (0.5) of Áa Ã was also smaller than the tolerance, which proved the division of groups was reasonable. Table 2 indicated that when the marked surface was on the focal plane of laser beam, any preconceived oxidation in the 2 Â 2 mm 2 modules could be obtained. Oxide was little (as No. 2 in Table 2 ) when laser power density was low and laser hatch spacing was great, as shown in Fig. 3(a) .
On the contrary, oxide was almost saturated (as No.14 in Table 2 ) when laser power density was high and laser hatch spacing was small, as shown in Fig. 3(b) . As depicted in Fig. 3(a) and (b), the oxide differs very much for different laser processing parameters.
According to the groups divided above, these modules marked by laser with the parameters as shown in Table 2 were chosen for standard modules. If the oxidation for a given module ðM:jÞ meets the relationship as shown below in (3), it could be incorporated into the corresponding group (No. i)
where ða
Ã space for the standard module (whose actual oxidation was shown in Table 2 , and ða Parameters values for laser-induced oxidation marking processing a given module ðM:jÞ. As mentioned in Section 2.2, the relative amount of element Mg and other element almost kept constant for all laser marking, and therefore, the Áa Ã was selected for the research focus in further study.
Influence of Laser Parameters on Laser-Induced Oxidation
On the basis of obtained oxidation modules as shown in Table 2 , single factor tests were performed to find the influence trend of laser parameters on laser-induced oxidation marking. The tests were conducted for the experimentally determined parameters presented in Table 2 , where the focal offset was also set as 0 mm and module size as 2 Â 2 mm 2 . The tested Aluminum alloy plates contained up to 16 modules with dimensions of 2 Â 2 mm 2 , where each row indicated the influence of one single factor on the oxide of module when the other laser parameters were fixed, as shown in Fig. 4 . By measuring the same sample 3 times, the average value of the Oxide a Ã b Ã c Ã d Ã for each module was determined, as shown in Table 3 . Fig. 4 showed that by increasing the value of laser power or decreasing the value of Q frequency, scan speed, hatch spacing, the contrast between modules and substrate become big, where the contrast is defined as in (4), shown below, for the optical images
where C is the contrast, Ibright the gray value for substrate, and Idark the gray value for module. Similarly, according to the determined Oxide a Ã b Ã c Ã d Ã for each module as shown in Table 3 , it was found that the module oxidation was importantly affected by laser parameters. Table 3 indicated that the module oxidation increased with laser power and decreased with Q frequency, scan speed, hatch spacing. It also can be seen that the laser-induced oxidation was sensitive to hatch spacing when the laser power density was low. As we can see, when the hatch spacing changed from 0.01 mm to 0.55 mm, oxide reduced very much (from 41.5% to 17.1%) for high laser power density.
However, the change of module oxidation caused by laser parameter variation is nonlinear. The table shows that the oxidation degree was almost kept the same when the scan speed changed from 400 mm/s to 200 mm/s but increased from 13.2% to 20.1% when scan speed changed from 200 mm/s to 100 mm/s for P ¼ 3:6 W, Q ¼ 20 kHz, and H ¼ 0:025 mm. The same situation also appeared in the test to determine the influence of hatch spacing on module oxidation, as shown in Row 4 of Table 3 . Fig. 3 
Stability of Laser-Induced Oxidation Marking
The purposes of the aforementioned tests that we performed were to investigate the obtained oxidation modules and the influence trend of laser parameters on laser-induced oxidation marking. Here, we decided to perform a detailed study of which parameter determines the final result and to what extent. Measurements of the repeatability of laser-induced oxidation marking were made as a function of the location of the marking surface relative to the focal plane (we call it "focal offset," ±1.5 mm), the thickness of the metal plates (3∼7 mm), the size of the marked module (0:5 Â 0:5 mm 2 to 4 Â 4 mm 2 ) and the fluctuation of average power (±0.6 W, which corresponds to ±6% of the reference power), the scan speed (±10 mm/s), and the hatch spacing (±0.006 mm).
The main reason for the formation of oxides on the surface of the material is the temperature rise in the material caused by laser irradiation, and the actual power of laser irradiated on the substrate is related to the focal offset. Therefore, its impact on the obtained oxidation was investigated. Of the 15 group oxidation modules, Nos. 3, 5, 9, 11, and 14 were the five most representative, and here, we call them as min oxide, low oxide, medium oxide, high oxide, and max oxide. They were chosen for this test and the results are shown in Fig. 5(a) .
Each time (during test) marked module was placed in the centre of the working field, i.e., the output scan angle of the standard F-Theta lenses used in the laser marking systems with galvanometric scanning of the material was about 0°for all modules marking. This ensures that, for every test, all the modules are marked on the condition that the laser beam is perpendicular to the sample surface. The results of oxide measurements in the form of a graph of the total oxidation difference Áa Ã as a function of focal offset, are shown in Fig. 5(b) . All modules tested were compared to reference modules in Fig. 5(a) .
In this case, it is easy found that there are some modules which are inhomogeneous in the interior looking from the appearance, as shown in some modules on both sides. Meanwhile, the inhomogeneity of the module increases with the focal offset. When the focal offset set as 1.5 mm, this phenomenon is very remarkable for using low speed and small hatch spacing laser to produce max oxide. This is very puzzling because, a sudden decrease to the brightness of laser beam irradiating on the surface of substrate was found during the marking. Obviously, this leads to the inconsistency of oxidation in one module, which is not permissible to the identification of tags. So far, the reason for the sudden decrease to the brightness of laser beam is not exactly verified, which requires further study in the future. However, the phenomenon does not affect the effectiveness of the method and the related conclusion as follows.
The oxide obtained was found to correlate strongly with the position of the marking surface relative to the focal plane. As expected, the dependence of Áa Ã error is symmetric with respect to the point of focus, and as we can see, the oxidation of all the modules for different laser parameters decreases as the focal offset. Given the previously accepted value ðði À 1Þ Â 3 ⩽ a
abcd ⩽ 3Þ of the Áa Ã and ÁE Ã abcd parameter as shown in formula (3), depending on the oxidation, the permissible deviation of the position of the marked surface relative to the focal point is ±0.25 (0.5) mm. This is a small range relative to the dimension of the marked items. In practice this means a need to measure (e.g., with a non-contact sensor) the real distance to the target. Deviation from the focal point causes a decrease in power density. If we take the diameter of the non-Gaussian beam ðM 2 > 1Þ along the Z -axis as [22] 
where r 0 is the diameter of the beam at the focal point ðz ¼ 0Þ, M 2 the beam quality factor, and the laser radiation wavelength. The percentage change in power density ÁPD along the Z -axis can be written as Similarly, for tests as a function of plate thickness in the range 3∼7 mm, with the same temperature of the material and the same laser parameters, no apparent differences were noted.
The sensitivity of the oxidation change of modules as a function of laser power and scanning speed had to be examined because the changes of laser power are the main source of the power density fluctuation on the processed object [8] . Measurements were performed for each group modules for different oxidation. Selected cases are presented in Figs. 6-8 .
The lack of symmetry (see Figs. 6-8 ) of the area with a minimum value of Áa Ã parameter relative to the centre of the chart indicates the nonlinearity of the influence of laser power and scanning speed on oxidation. And the differences to the position and orientation of the blue area in the three charts reveal that, the sensitivity of oxidation to laser power and scanning speed is not constant in different oxide module marking. Oxidation is more sensitive to laser power when marking min oxide modules, and more sensitive to scanning speed when marking max oxide modules, as depicted in Figs. 6(b) and 8(b) . It is also important to note that the desirable medium oxide can be obtained with approximate constant ratio of laser power and scanning speed, as shown in Fig. 7(b) . This means that if both parameters increase proportionally, the resulting effect will be the same as the previous one when marking medium oxide modules. In conclusion, for different oxidations, the tolerances of the two parameters (power and speed) are different.
As depicted in Section 3.2, the hatch spacing has effect on the oxide reproducibility. Even under the high energy density of laser beam, the max oxide can only be obtained with small hatch spacing. It is found that the max value of hatch spacing to get max oxide is 0.01 mm. Measurements were performed for the five most representative group modules to find the sensitivity of oxidation to the hatch spacing parameter. The results are shown in Fig. 9 . Fig. 9(b) indicates that the oxide decreases with the hatch spacing for all the group modules. However, the sensitivity of oxidation to the hatch spacing differs for different oxidation modules. The oxidation almost keep the same ðÁa Ã ⩽ 1Þ for max oxide module (parameters for the max oxide are P ¼ 9:0 W, V ¼ 20 mm=s, Q ¼ 20 kHz, H ¼ 0:01 mm) when the hatch spacing varies from 0.01 mm to 0.004 mm. But the deviation of oxidation for medium oxide module (parameters for the medium oxide are P ¼ 6:6 W, V ¼ 200 mm=s, Q ¼ 20 kHz, H ¼ 0:01 mm) is more than 10 when the hatch spacing varies from 0.01 mm to 0.004 mm, as depicted in Fig. 8 . It is also found that whatever the oxide of the module is, when the deviation of hatch spacing is small than 0.0015 mm, the results can be considered acceptable for the standard modules.
The last considered factor that might (through accumulation of heat) affect the oxidation reproducibility was the size of marked modules. The results are shown in Fig. 10 .
Similar trends in Áa Ã parameter are visible for all tested oxidation. In the case of max oxide, when the marked size set as 4 mm 2 , Áa Ã makes the oxidation are out of the permissible range. It indicates that the effect of great accumulation of heat on the oxidation reproducibility should not be ignored when the laser energy density is very high. Except for this case, the changes that were noticed for up to 2 times different sizes of the other marked fields can be considered acceptable.
Aging Tests
Apparently, it is easy to produce corrosion on the aluminum alloy surface in a damp environment with an oxide film generated, which may have interference on the laser-induced oxidation module. Therefore, the susceptibility of laser-induced oxidation to aging process, a salt spray test, was performed. Three identical samples were prepared, one of which was the reference (in vacuum), the second was placed in an atmospheric air at ambient temperature with a 45%-50% relative humidity (subjected to natural corrosion), and third second was placed in a salt chamber for salt-spray corrosion test. According to the ASTM technical standard [23] , the salt-spray corrosion test chamber (CCT600 by Q-lab) is used. The exposure zone of the salt spray chamber shall be maintained at 35ðÀ1:7 $ þ1:1Þ C. The sodium chloride concentration of the collected solution shall be mass 5±1%. The pH of the collected solution shall be 6.5 to 7.2. Specimens are gently washed or dipped in clean running water not warmer than 38°C to remove salt deposits from their surface and then immediately dried. The test results, for the reference sample and both samples subjected to the aging tests, are shown in Fig. 11(a) -(c). Natural corrosion long for 10 days caused no visible changes and any oxide changes to tags, which indicated the detected result of laser-induced oxidation modules was stable in natural corrosion environment. However, as it turned out, for such aggressive conditions, large changes happened to the oxidation after 5 h salt-spray corrosion and the detected results were unacceptable.
For the durability of this method in severe corrosion environment, a protection process was applied, where a transparent coating based on polyester polyurethane was deposited on or around the tags and air-dried for about 10 h, and then processed by an industrial Q-switched CO 2 laser (CO 2 -H10 by Hans Laser, with a wavelength of 10.64 m). The results with protection after 48 h corrosion were shown in Fig. 11(d) . XRF measurement results for both tests are shown in Table 4 . Results exceeding the acceptable parameter value are marked in bold. As depicted in Table 4 , the coating could greatly improve the corrosion consistence of the tags in severe corrosion environment, basically without any influence to the detected results of modules by laser-induced oxidation marking.
Although the proposed method is mainly used in a module marking for sub-millimeter unique identification tag, it also could be applied to letters or symbols as XRF tags. An example of laser-induced oxidation marking for XRF tags are shown in Fig. 12 .
As depicted in Fig. 12 , the oxide is almost the same (the detected XRF for the three letters show that the oxidation for each one are respectively 35.08%, 34.96%, and 35.24%, as expected results for the group of No. 12) for different letters processed by laser with the same parameters. It is visible and also can be read steadily by an X-ray fluorescence scanner. Results of oxide measurements from aging tests of laser-induced oxidation marking samples
Conclusion
Laser-induced oxidation marking for sub-millimeter unique identification tags based on XRF on 5A06 aluminum alloy, using a Q-switched fiber laser, was demonstrated. The reproducibility and stability of the proposed marking method were determined. Besides, the aging tests for the tags by this method were conducted. From the results, the main conclusions are as follows:
• Sub-millimeter unique identification tags on aluminum alloy formed by the proposed marking method at ambient temperature in an atmospheric air can be read by an XRF scanner, where the size and oxidation of the tags could be under precise control.
• The relative amount of element O in the obtained oxidation modules varies from 1% to 44% for different laser parameters, and they could be divided into 15 groups for different tags.
• In spite that the laser-induced oxidation is affected by laser parameters and the sensitivity of oxidation to laser parameter is different for different oxide modules, the reproducibility and stability of the method are valid by appropriate control of the deviation of laser parameters.
• The detected results of the laser-induced oxidation modules were stable in natural corrosion environment, however, large changes happened to the oxidation of the tag after 5 h saltspray corrosion. But the latter could be improved greatly or avoided by applying a transparent coating based on polyester polyurethane on the tags for protection. 
